Abstract-Radar signatures of several small consumer drones are investigated by laboratory measurement. The drones are rotated on a turntable, and backscattered data are collected at two different frequency bands. The data are post-processed into inverse synthetic aperture radar images. The effects of frequency, aspect, polarization, dynamic blade rotation, camera mount, and drone types are presented.
I. INTRODUCTION

S
MALL consumer drones have been rapidly gaining popularity. Their various uses include aerial photography, surveying, mapping, and package delivery. The proliferation of these small drones has raised much recent interest in their regulation and monitoring [1] - [4] .
A potential way to detect and identify drones is to use groundbased radar. One fundamental issue that needs to be addressed is what the radar cross section (RCS) of a small consumer drone is. In this letter, we conduct laboratory measurements of several small consumer drones and report on their radar signatures versus frequency, aspect, polarization, etc. We present the radar signatures in the form of two-dimensional (2-D) inverse synthetic aperture radar (ISAR) images, as they provide not only information about the strength of the RCS of a target, but also the spatial locations of where the dominant scattering on the drone comes from. While ISAR imaging is a standard technique for radar diagnostics and larger military drones have been extensively studied [5] - [8] , we believe this is the first ISAR measurement study for these consumer-type drones. We present their radar signatures in detail. Two particularly important questions that need to be addressed regarding consumer drones are: 1) Will the small size and low reflectivity of the plastic body result in very low RCS? and 2) Will the spinning blades of drones result in significant dynamic signature features similar to other rotorcraft [4] , [9] , [10] ? Both of these questions will be examined.
This letter is organized as follows. The measurement setup and image formation algorithm are first described. The resulting ISAR images are then presented, and the scattering features are discussed. We begin with a baseline scenario before deviating from this scenario to illustrate the effects of frequency, aspect, polarization, dynamic blade rotation, camera mount, and drone types.
II. MEASUREMENT SETUP AND POST-PROCESSING
Multi-frequency, multi-aspect, and monostatic backscattered data are measured from a drone mounted on a turntable. Fig. 1(a) shows the measurement setup. A vector network analyzer (Agilent N5230A) is used to collect S 11 data. Depending on the frequency range, either a Ku-band standard gain horn (Narda 4609, 12-18 GHz) or a dual-ridged horn (TDK HORN-0118, 1-18 GHz) is used. Background subtraction is used to reduce the horn input mismatch and background clutter. Fig. 1(b) shows one of the target drones, the DJI Phantom 2 [11] , with zero azimuth angle (AZ) and zero elevation angle (EL) defined as the frontal view. Data are collected at two frequency bands, 12-15 and 3-6 GHz.
Post-processing the measured frequency response data versus aspect yields the sinogram (i.e., range profiles versus aspect) and the corresponding ISAR image snapshots. The sinogram is obtained through the inverse Fourier transform of the frequency response at each aspect after a Hamming window is applied. A 2-D ISAR image of the drone is obtained by using the kspace formulation [12] . The band-limited, finite-angle data are processed via a 2-D inverse Fourier transform into a down-range versus cross-range image as follows:
where
In the above expressions, r is the down-range, cr is the crossrange, f is the frequency, φ is the incremental sweep angle about a central AZ, EL view of the target, E s is the backscattered field as a function of frequency and angle, and c is the speed of light. Since the collected data are uniformly sampled in frequency and angle, a polar reformatting is applied to interpolate the data onto a uniform k x − k y grid first. The ISAR image can then be obtained via a 2-D inverse fast Fourier transform (IFFT) of the backscattered field. A 2-D Hamming window is applied to the interpolated data before the IFFT to reduce image sidelobes. Each ISAR snapshot is obtained using a 12.7°angular swath for the data from 12-15 GHz and 38.1°for the data from 3-6 GHz. These angular windows are chosen based on the narrowband, small-angle approximation shown in the second part of (2) (where f c is the center frequency) to achieve an equal down-range and cross-range resolution of 5 cm (without windowing). It should be pointed out that due to the large angular swath used, especially for the low-frequency band, nonpersistent scatterers within the angular window may not be as well focused as persistent ones. High-resolution spectral estimation algorithms [13] , [14] may be used to mitigate such difficulty. Finally, an 18-cm-radius calibration sphere is measured to calibrate the results in terms of absolute RCS in dBsm.
III. MEASUREMENT RESULTS: DJI PHANTOM 2
A. Baseline Scenario
First, we examine the results for a baseline scenario, viz., DJI Phantom 2 from 12-15 GHz with the blades stationary, without a camera mounted, using vertical polarization on transmit and receive, and azimuth scan at zero EL. The resulting sinogram is shown in Fig. 2(a) . The majority of the backscattered signal is confined within a 35-cm range extent. This agrees with the diagonal width of the drone. Additional returns beyond 17.5 cm in down-range are likely due to multiple scattering, but they are not prominent. • , 90
• , 135
• , and 172 • , respectively. These angles are defined by the central AZ angle of each angular window. Thus, Fig. 2(b) is the ISAR image at 8°to the left of the exact frontal view. The geometrical outline of the drone in its proper orientation is overlaid onto each ISAR image for comparison. In addition, the highest RCS level is marked in each figure. Due to the small size of the drone, there are fewer than seven resolution cells in either the down-range or cross-range dimensions over the drone. Through the sequence of images, five main scattering mechanisms are revealed. The strongest scattering feature is shown in Fig. 2(d) , where the AZ angle is at 90°(or the broadside view of the drone). Here, the strongest scattering is located at the center of the drone and can be attributed to the battery pack of the drone, which is a rectangular cuboid with a "bulge" at the tail end. At the broadside view, the largest surface area of the battery pack is perpendicular to the radar line of sight. At −9.3 dBsm, this is the highest RCS level over all AZs. Overall, the battery pack return is prominent at the cardinal angles and much weaker elsewhere. The four other scattering mechanisms are due to the four drone motors. Their returns are visible except when shadowed. The full ISAR movie can be found online [15] . It is clear that the ISAR images are more insightful than the sinogram since they reveal the 2-D spatial locations of the scattering features.
B. Effect of Rotating Blades
Next, we deviate from the baseline scenario by repeating the measurement with the plastic blades rotating at their minimum speed (which do not create sufficient lift for flight). There are no observable differences from the baseline scenario in either the sinogram or the ISAR images over all AZs. A side-byside ISAR image comparison with the baseline scenario at 102°A Z is shown in Fig. 3 to illustrate this observation. Thus, the spinning blades do not create any significant dynamic features in the radar signature relative to the drone body. This is consistent with the fact that the stationary blades were not visible in the ISAR images in the static-blade scenario.
C. Effects of Polarization
We change the polarization from vertical to horizontal on transmit and receive. A side-by-side ISAR image comparison with the baseline scenario at 6°AZ is shown in Fig. 4 . By switching to horizontal polarization, the return strength from the battery pack has decreased, but the return strength from the drone motors has increased. Of note, the plastic blades (stationary or spinning) of the drone are still not visible under horizontal polarization.
D. Effects of a Mounted Camera
Next, we mount a GoPro HERO4 camera to the base of the drone. A side-by-side ISAR image comparison with the baseline scenario at 60°AZ is shown in Fig. 5 . The camera return is indicated by the arrow in Fig. 5(b) . In fact, this aspect is where the mounted camera is most prominent. For most AZs, it is found that the results are not significantly different from those of the without-camera case. The camera is mounted below the battery pack. Thus, its return, in general, will coalesce with the battery pack returns when illuminated at a zero EL.
E. Effects of Frequency Change
Next, we change the frequency range in the measurement from 12-15 to 3-6 GHz. A side-by-side ISAR image comparison with the baseline scenario at 194°AZ is shown in Fig. 6 . The maximum RCS in Fig. 6(b) has decreased by 10.3 dB in comparison to Fig. 6(a) . When averaged over all AZs, the maximum RCS level is 11.6 dB lower at the 3-6-GHz band in comparison to that at 12-15-GHz band. Multiple scattering also appears more prominent at the lower frequency band.
F. Elevation Scan
Finally, an elevation scan of the drone is collected at the zero AZ at 12-15 GHz. Vertical polarization is used on transmit and receive. Fig. 7(a) shows an ISAR image with the angular window centered at -90°EL. This corresponds to the scenario where the radar observes the drone flying by directly overhead and results in a side-view image of the drone. Fig. 7(b) shows an ISAR image with the angular window centered at 0°EL. Unlike the previous azimuth-scan scenarios where the length and width of the drone are captured, these elevation-scan images capture the length and height of the drone.
IV. MEASUREMENT RESULTS: LARGER DRONES
Next, we examine two larger drones: the 3DR Solo (shown in Fig. 8(a) with a 46-cm diagonal width [16] ) and the DJI Inspire 1 (shown in Fig. 8(d) with a 56 cm diagonal width [17] ). We present the results of each at both the 12-15 and 3-6-GHz band, using vertical polarization on transmit and receive, azimuth scan at zero EL, and with the blades stationary.
A. 3DR Solo
The resulting ISAR images for the 3DR Solo at broadside are shown in Fig. 8(b) and (c) for 12-15 and 3-6 GHz, respectively. The ISAR image shows that the dominant returns are due to the drone battery pack and its four motors. It is clear from the image that the Solo is larger than the Phantom 2. The maximum RCS shown at the broadside view, −14.1 dBsm, is the maximum RCS level over all AZs. Interestingly, despite the larger size, this is about 5 dB lower than the Phantom 2. We believe this is due to the shape of the Solo's body and battery pack. Similar to the Phantom 2, the overall RCS is weaker by approximately 10 dB in the 3-6-GHz band in comparison to that at 12-15 GHz.
Multiple scattering also appears more prominent in the lower band. 
B. DJI Inspire 1
The ISAR images of the DJI Inspire 1 at broadside are shown in Fig. 8 (e) and (f) for 12-15 and 3-6 GHz, respectively. In this case, in addition to the drone battery pack and rotor motors, the horizontal frame of the Inspire 1 has a large contribution to the drone return. The large size of the drone is also reflected in the ISAR images. The maximum RCS at the broadside view, −3 dBsm, is again the highest RCS level over all AZs and is due to the drone battery pack. Analogous to the other two drones, in the 3-6-GHz band, the overall RCS has decreased by about 10 dB and multiple scattering is more prominent.
V. CONCLUSION
In this letter, we have presented a measurement study of the radar signatures of several consumer drones. The results show that the non-plastic portions of the drones (battery pack, motors, carbon fiber frame, etc.) dominate their radar signatures. It has also been shown that the plastic drone blades do not contribute a significant return (while stationary or spinning). While the overall RCS level is low, the resulting ISAR images reveal the size and geometrical outlines of each drone, which could enable drone detection and identification.
The ISAR images presented were collected on a turntable under idealized conditions. However, it would be feasible to collect such data from an actual drone in flight. By using motion compensation (both translation and rotation) [18] , [19] , it would be possible to form 2-D ISAR images of the drone for classification. This topic is currently under study.
